V' This report presents the results of a study using multiple techniques of the established human cell line, LM, which has been developed in culture medium from a patient with a right temporoparietal glioblastoma. This cell line has human subtetraploid karyotype and has several features of a transformed line in culture. These include continuous propagation for 10 years, ability to form tumor nodules when transplanted into immunologically suppressed hamsters, and pleomorphic appearance. Ultrastructurally, it is characterized by multiple nuclei, few actin cables, and numerous surface-membrane microvilli, as well as abundant 9-to 10-nm cystoplasmic fdaments. By its immunological reactivity, the line can be shown to contain glial fibrillary acidic protein at low levels, consistent with its glial origin and continued nature. Dibutyryl cyclic adenosine monophosphate (db-cAMP) induces formation of long astrocytic-like processes as well. Its membrane electrical characteristics include a low resting membrane potential and short time constant. Used in a microtiter antiglioma antibody cytotoxicity assay, LM yields a positive reaction to antibodies in the sera of 80% of patients with astrocytomas and only 9% of normal blood-bank donors, suggesting that it shares common antigens with other astrocytic tumor lines.
T HE glioblastoma-derived tissue culture line, LM, has been found to have certain antigenic characteristics well suited to the detection of antibodies in the sera of patients with astrocytomas. 2~ In addition, it may serve as a useful model for cellbiological, chemotherapeutic, and radiobiological studies of glioma cell characteristics.
In order to understand its origins and degree of malignancy, an extensive study of its characteristics has been made. It appears that no single feature adequately defines it as a cultured glioblastoma, in part because there is no single assay that is diagnostic of glioblastoma in culture. It is, therefore, necessary to describe the line using multiple techniques. This report presents the morphological, ultrastructural, biophysical, biochemical, immunological, karyotypic and tumorogenic characteristics of this useful line. We also define the present limitations in characterizing cells of such long-term lines.
Materials and Methods

Morphological Study
Line LM was established by primary explants from tissue taken directly from the operating room. The tumor was removed in 1970 from a 56-year-old man with a right temporoparietal mass. It has been subcultured continuously since then. The tissue was given a pathological diagnosis of "glioblastoma multiforme" (Kernohan's astrocytoma Grade III-IV). Early passages were frozen and have then been thawed and regrown at approximately 3-month intervals.
Tissue was minced into 20 1-cu mm pieces, which were planted in 75-sq cm plastic flasks containing 20 ml of nutrient mixture F 10 with 10% fetal calf serum (FCS) and then incubated at 34~ a temperature found to minimize fibroblast growth potential.* Subculturing was performed by washing with Hank's balanced salt solution (free of Ca ++ and Mg++), adding 1 ml of trypsin-ethylenediaminotetraacetic acid (EDTA) for 10 minutes, and then adding nutrient mixture. Subculture was undertaken at 1-or 2-week intervals. The majority of the tests described in this paper were performed after the 80th passage of the cell line. However, relative constancy of passage number was achieved by thawing early-passage frozen samples every 3 months.
For morphological examination, the ceils were routinely grown on coverslips in Leighton tubes, fLxed in Zenker's fluid, and stained with hematoxylin and Giemsa. Bimonthly mycoplasma testing using the stained agar technique of Dienes yielded consistently negative results23 Recent testing by DelGuidice and Hoppe 9 of the Frederick Cancer Center, by both stained agar and fluorochrome methods, has also been negative for mycoplasma. No work in the laboratory is done with Hela cells or virally transformed cells, and no tissue cultures have been adopted from other laboratories.
Morphological "differentiation" of the cells by cyclic adenosine monophosphate (AMP) was accomplished by seeding 1 ml of a cell suspension into Leighton tubes, incubating for 24 hours, then adding 1.25 ml of a test solution of I mM of N 6, OZ-dibutyryl adenosine Y:5'-cyclic monophosphoric acid (dbcAMP)J-in F10 nutrient medium containing 5% FCS and 1% penicillin-streptomycin solution (P&S) or 1.25 ml of a control solution of F10 with 5% FCS and 1% P&S. After 24, 48, 72, 96, and 120 hours, coverslips were fixed and stained. The amount of "differentiation" was evaluated by counting the total number of ceils and the number of ceils with two or more processes greater than the length of the cell body. Cell counting was accomplished on a Leitz microscope at a power of • 100 using a grid containing five random 1-sq mm sampling spaces. The grid was placed in a standardized orientation over each mounted coverslip. * Plastic flasks manufactured by Falcon, Oxnard, California, and fetal calf serum (FCS) supplied by GIBCO, Grand Island, New York.
J-Test solution obtained from Sigma Chemical, Box 14508, St. Louis, Missouri.
More than 1000 cells were counted for each experimental condition. 47 
Ultrastructural Characteristics
For electron microscopy, tissue culture cells on carbon-coated glass coverslips were fixed in phosphate-buffered glutaraldehyde, dehydrated, embedded in Epon 812, and sectioned with an LKB microtome.~ The cells were then stained with lead citrate and examined at 80 kV on a Siemens I electron microscope.w
Chromosome Analysis
For chromosome analysis, cultures at 80% confluency were synchronized by incubation for 3 hours with 0.2% colcemid. After centrifugation and suspension in 0.075M KC1, they were examined in metaphase.[[ Giemsa staining was used. 2~ The chromosomes of the culture and of the tumor grown in hamsters, then transferred to tissue culture, were also banded.*
Electrophysiological Characteristics
Glass microelectrodes, which had tips of 1/~ or less and 10 to 25 megOhm resistance, were filled with 3M KC1. These electrodes were used to pierce a cell membrane under • 500 magnification with a deFonbrune micromanipulator.t By a Wheatstone bridge arrangement, recording and stimulation were possible through the same electrode. A 1-nAmp rectangular 5-msec pulse was used to charge the membrane. The resting membrane potential, input resistance, and time constant of the charge curve could be measured. By simultaneous photography of the cell, data necessary for specific resistivity and capacitance calculations could also be obtained. These techniques have been described elsewhere2 ,26,4a,~~
Biochemical Studies
Five biochemical assays were performed. The protein S-100 was determined by an immunoassay using microcomplement fixation techniques? 8 Glial fibrillary acidic protein (GFAP) was assayed by sodium dodecyl sulfate (SDS)-gel electrophoresis and peptide mapping. 8 Cortisol acetyl transferase (CAT) activity was tested by passing cytoplasmic extracts of cultured cells through a column with Sepharose 4B-diamine coupled to a corticosteroid derivative.w The CAT was displaced from the column using a buffer with 5 x 10-4M cortisol. 40 Glutamate accumulation was assayed by using radioactive glutamate under varying conditions, including changes in sodium concentration, temperature, and amino acid composition. The technique has been described in detail. 49 The LM line was assayed for 2'3' cyclic nucleotide 3' phosphohydrolase (CNP'ase) activity per milligram of protein as described elsewhere, 1~ and compared with fibroblasts and the C6 rat glioma.
Immunological Study
Experiments were performed using microtest I plates u by a method previously described in detail. 25,4z Sera from patients were classified into four categories: 1) pathologically confirmed astrocytic tumor; 2)
:~ Separate samples of these antisera were generously provided by Drs. Doris Dahl and Lawrence F. Eng.
w Cortisol acetyl transferase (CAT) activity was tested by Dr. Robert Purdy.
II Microtest I plates, No. 3034, manufactured by Falcon, Oxnard, California.
pathologically confirmed non-astrocytic neoplasm; 3) non-neoplastic central nervous system disorder; and 4) normal blood bank donor.
Absorptions were performed using pooled platelets on cell lines grown from primary explants in the manner of the LM line. The specific details of absorption have been published elsewhere. 6 
Growth Studies
Growth in Agar. For experimental growth in agar, a suspension of 10,000 cells/ml was made after trypsinization; then 1% antibiotic-antimycotic solution was added to this mixture (10,000 units penicillin, 10,000/lg streptomycin and 25 #g Fungizone/ml.* Two milliliters of this mixture was mixed with 2 ml of 2% agar (Bacto-Agar),j" and placed into 60-mm Petri dishes that already contained a 4-ml base layer of 2% agar. The cells were incubated in 80% humidity with 5% CO2, and were examined weekly for colony growth under a phase microscope. Ceils were carried for 4 weeksY Growth in Low Serum. Ceils routinely subcuhured in 10% FCS were transferred to medium containing lower and lower percentages of serum to assess continued growth. The percentages of FCS were 0.2%, 0.5%, and 4.8%. Growth was assessed counting five high-power fields in each Petri dish under phase mmroscopy.
Animal Implantation. Cultures were harvested so
Transmission electron micrograph showing a change of cellular morphology with formation of multiple processes after the addition of db-cAMP, x 320. that 10 to 15 million cells could be injected into neonatal hamsters that were given 0.05 ml of rabbit anti-hamster lymphocyte serum:~ intraperitoneally three times per week until sacrificed, a5 Injections of cultured cells were made in some animals intraperitoneally, in others subcutaneously, and in some intracranially. Tumors were removed, fLxed, embedded, sectioned, and stained with hematoxylin and eosin, with silver stain for reticulin, with Masson's stain for collagen, with phosphotungstic acid hematoxylin for pathological evaluation, and also embedded for electron microscopy.
Results
Morphological Studies
The general appearance of the stained LM cell line under the light microscope is seen in Fig. 1 . The culture grows in a swirling pattern, and by 7 days after subculture loss of contact inhibition is apparent. The cells usually have an oblate to irregular configuration. Their appearance in the scanning microscope is shown in Fig. 2 . However, with the addition of dbcAMP for 24 hours, the LM cells formed small retracted cell bodies and thin processes, similar to those of in vivo astrocytes in gross morphology (Fig. 3) . Approximately 80% of the treated cells derived from at least two thawed LM culture preparations showed such process formation. Ultrastructurally, these processes were characterized by prominent bundles of 9-to 10-nm filaments and occasional microtubules all arrayed in the long axis of the process (Fig. 4) . Such :~ Serum obtained from MA Bioproducts, Briggs Ford Road, Walkersville, Maryland.
Fro. 4. Transmission electron micrograph of a dbcAMP-induced process in an LM glioma cell in monolayer culture. The prominent 9-to 10-nm filaments are arrayed in the long axis of the process, x 20,000. morphological changes were accompanied by a 30% to 60% reduction in growth as well. The process formation was maximal at 48 hours, stable at 72 and 96 hours, and then declined, so that after 120 hours the LM cells reverted to their pretreatment morphology and grown kinetics. Butyric acid alone at 10-3M produced no morphological response in these cell lines, although it produced mild growth inhibition (about 15%). No process formation occurred in human diploid fibroblast cultures in response to 10-3M db-cAMP.
Multinucleated cells were abundant, on an average of 2.66 ___ 1.00 multinucleated cells per hundred. This varied from passage to passage. At some passages, the ratio of polyploid to diploid ceils was greater than the percentage of multinucleation observed in 12 other glioblastomas grown in our laboratory, but these were not consistently different from either low-grade astrocytomas or normal tissue grown in culture.
The figures for the 12 other glioblastoma-derived cell lines showed 2.01 _ 1.77 multinucleated cells per 100 cells, 0.88 _ 0.82 multinucleated cells per 100 cells for cultures derived from 11 low-grade astrocytomas (Grade I-II), and 1.34 +_ 0.57 multinucleated cells per 100 cells for cultures derived from the brains of nine patients with no neoplastic or central nervous system disease.
Ultrastructural Characteristics
The surface of the LM ceils contained numerous microvilli during all stages of the cell cycle (Fig. 5) . Filaments of 9 to 10 nm were seen regularly in line LM (Fig. 6) , whereas actin cables were not. Intercellular connections with the ultrastructural morphology of epithelial junctions were present in small numbers (Fig. 7) . Marked cytoplasmic clefts invaginated many nuclei. No collagen fibrils were ever observed. No Weibel-Palade bodies or myofilaments were seen. No mycoplasma have ever been observed in this line.
Of some interest are two extracellular products of the culture. The first are units of apparently shed membrane. These are membrane-bound vesicles enclosed in a larger vesicle. The second is a "carpet" seen in the glass coverslip with incubation in Leighton tubes (Fig. 8) .
Chromosome Analysis
In the several karyotypes done on LM, the cells were consistently subtetraploid human cells with chromosome number between 82 and 88 chromatids/cell. A sample analysis is presented in Fig. 9 . Chromosome analysis from the LM tumor grown in hamsters and then transferred into tissue culture also demonstrated a chromosome number from 79 to 88. Further analysis by banding and segregation revealed the karyotype to be typical of human cells in these cells grown within a hamster.
Electrophysiological Characteristics
For 174 interphase cells, the mean resting membrane potential was -1 4 mV. The time constant of the membrane charge curve was 0.31 + 0.88 msec; for 
Biochemical Analysis
In this cell line, S-100 could not be demonstrated. 41 Glial fibrillary acidic protein was found. However, its presence was demonstrated only at a low level and not consistently. Therefore, it could not be used as a criterion for the cells' identity. As shown in Fig. 10 , the protein profiles of normal and malignant astrocytes in culture were similar, but essentially similar profiles were found for human fibroblasts and an ependymoma culture. The peak corresponding to GFAP is much smaller in all these cultured cells than in multiple sclerosis plaques obtained from in vivo specimens; the protein profiles from solid human gliomas, while variable, are something between these extremes. From extracts from LM cells, the presumptive GFAP band on polyacrylamide gels was not sufficiently large or suitably separated from the other proteins to permit unambiguous identification by peptide mapping. Immunofluorescence showed a positive staining for the LM cells by anti-GFAP, but the staining was weak compared to that of the astrocyte in situ and it was not obviously fibrillar in its distribution within the cells (Fig. 11) . Slight positive staining for GFAP and suboptimal morphology were found with immunoperoxidase. Marked CAT activity was demonstrated. High-affinity glutamate uptake was demonstrated during the confluent stage of cell growth, which was dependent on sodium, temperature, and energy. 49 The activity of CNP'ase was compared on a milligram protein basis 1~ to that of fibroblast and C6 rat glioma controls. The LM line had approximately two times the CNP'ase of fibroblasts and one quarter the CNP'ase of C6.
Immunological Study
Under the present system, 82% of sera from 82 patients with pathologically confirmed astrocytomas (Group A) demonstrated a significant (p < 0.05) complement-dependent cytotoxic reaction with line LM. This cytotoxicity persisted in eight sera after absorption with platelets to remove any possible anti-HLA activity, but disappeared after absorption with line LM itself. Line LM was also able to absorb 50% of the immune adherence activity from the serum of a patient who demonstrated autologous immune reaction in vitro. 6 The second group of patients, those possessing 
Growth Studies
Cellular growth was seen on agar at 8 days and continued for the full 4 weeks of the study. There was abundant colony formation within and on the surface of the agar. Cells of this line continued to grow in medium with 0.05% FCS, whether suddenly transferred to low serum or gradually adapted from the usual serum concentration of 10%, whereas fibroblasts did not.
These cells, when implanted into immunologically suppressed neonatal hamsters, began to form palpable masses at 5 days. On histological examination, these masses were composed of many multinucleated and bizarre cells (Figs. 12 and 13 ). Mitotic cells were evident as were prominent nucleoli. Cells were separated from each other by a small number of fibrils, which stained with reticulin and Masson dyes. which is characteristic of malignancy. Chromosome analysis confirmed the human origin of the tumors.
Discussion
The LM line appears to possess several characteristics which make it useful as a prototype glioblastoma. In the study of the antigenic properties of gliomas, it is crucial to obtain and characterize a stable, long-term immunologically responsive gliomaderived cell line. Although we have established several long-term lines in our laboratory, including some responsive in the cytotoxic assay, LM has exhibited the greatest antigenic stability and reactivity with antibodies present in the sera of patients with tumors. Line LM reacts to antibodies in the sera of 80% of patients with astrocytomas, compared to 9% in the sera of normal blood-bank donors, and these percentages have remained constant for 6 years? 6 Also, the response of LM to a given serum at various times also remains constant. This sensitivity suggests that antigens common to other astrocytoma cells (and other tumor cells) form part of the LM cell membrane. This speculation is further confirmed by the ability of LM to absorb some of the activity from the sera of a patient in an autologous test system. Beyond these immunological advantages, the growth inhibitory properties of phenytoin, which were first demonstrated on LM, are found to be characteristic of seven to 10 other astrocytomas. 24 There is significant cytotoxicity to 1,3-bis(2-chloroethyl)-l-nitrosourea (BCNU), a widely used chemotherapeutic agent in glioblastomas. TM This is a trait demonstrated by approximately 70% of other astrocytomas. 27 This cytotoxic response is unrelated to time in culture of line LM.
It appears, therefore, that line LM can be used to investigate properties of glioblastomas in cell culture. The main problem with identifying this line as a glioblastoma is that there is no general agreement on markers for glioblastoma cells either in vivo or in vitro. Markers for normal glial cells are a subject of considerable controversy and question, and the situation is much worse for astrocytic tumor cells. 57 Heterogeneity within glioma tumor cell populations further complicates the problem. The retention of certain in vivo characteristics in tissue culture is necessary for characterization, and must be ascertained before further studies can be made to determine the characteristics of in vitro human astrocytomas and glioblastomas. However, since there is no single criterion of characterization, multiple parameters derived from studies of other tissue-cultured glioblastoma lines must be used.
Features Considered Characteristic of Astrocytomas
Glioblastoma-derived cell lines in culture do not appear to have distinctive light microscope morphology2 TM However, LM and certain other glioma lines can be induced to form processes by the addition of db-cAMP. This finding, of reversible cAMP-induced process formation, is consistent with previous reports for human as well as animal glioma cells. 12,31,44 Fibroblasts also undergo morphological changes in response to db-cAMP, including contraction of the cell body, ~2 but the multipolar, long, thin processes formed by the LM and other astrocytoma lines are qualitatively very different and give these tumor cells the appearance of differentiated astrocytes.
Line LM cells had 9-to 10-nm filaments, once called "glial filaments;" however, these have been demonstrated in craniopharyngiomas, 29 medulloblastomas, 51 and meningiomas. 4 Their presence does not by itself define a cell line as astrocyte-derived.
Biochemical markers considered specific for astrocytomas were found variably in this line. The protein S-100, which is characteristic of the nervous system, was not demonstrated by a microcomplement immu-noassay? 6 Only two of 14 astrocytoma lines in our laboratory have shown this protein, 1~ and there is evidence that S-100 is reduced in higher-as opposed to lower-grade astrocytomas. 15 However, when LM cells are cultured with S-35 methionine, then solubilized and the biosynthetically labeled proteins separated in a polyacrylamide gel with a continuous TRIS-glycine buffer system, a radiolabeled protein with the characteristic mobility of S-100 protein can be found in LM line as well as some other astrocytoma lines. This technique is currently under development as a potentially more sensitive way to detect S-100 protein in cultured cells, a7 Glial fibrillary acidic protein was demonstrated on several occasions but in some subcultures was absent, suggesting variability in its production perhaps related to anaplasiaY ,Ss Cortisol acetyltransferase activity and high-affinity glutamate uptake appear to be characteristics of astrocytomas, but the statistical frequency of their presence has not yet been fully established.
Microelectrode recording techniques have previously demonstrated a low mean resting potential of astrocytomas; -7 mV, z2 -27 mV, 23 and -35 mV? 4 This is in keeping with the mean potentials in other malignant cells in culture, and may indicate a membrane permeable to sodium. 4s It is still uncertain whether it is characteristic of transformed cells in culture, or of peculiarities of the culture or recording conditions.
Features Considered Characteristic of Malignant Lines in Culture
The problem of characterizing a cell line as malignant or transformed is somewhat less complicated than the characterization of a cell line as astrocytomaderived, although the use of multiple criteria is also necessary, since most methods of determining malignancy vary for different types of cultured cells. 3s In tissue culture, diploid cells grown from normal tissue will not continue beyond 20 to 30 passages, and normal astrocyte-derived lines will not replicate beyond 15 passages. ~,53 Infection with a virus, however, imbues the cells with the capacity for long-term propagation, a characteristic said to be typical of transformed lines. The varied morphology, decreased cellular processes, monstrous bizarre cells, and loss of contact inhibition seen in line LM are also features of long-term, transformed lines. Since no viruses or transformed drugs were used in this laboratory, line LM must have had an intrinsic potential for longterm propagation in order to replicate steadily for 10 years in culture medium.
Microvilli have recently been suggested as a major distinguishing feature of malignant cells in vitro and in vivo, 11 '22 although they can also be found in small numbers in untransformed fibroblasts in culture. 21 Their presence here is compatible with neoplastic phenotype, however, as they are found in every phase of the cell cycle and in great numbers. Prominent nucleoli with varying size, found in these cells, are also said to accompany malignancy in vivo and in vitro.3~ A diminution of subsurface fibrils in malignant human astrocytomas has been postulated to cause an altered cytoskeleton and prevent spreading out along the substrate surface. TM This network involves actin bands, which were significantly diminished in the cell line reported here, as they are in other transformed and malignant cells, both in tissue culture and in pathology section. 5,46 Finally, subtetraploid chromosome numbers of human karyotype are characteristic of malignant lines including glioblastoma lines. Hoshino and Wilson and their co-workers 16-1s,55 demonstrated by flow cytometry that the ploidy of cultured malignant gliomas is highly variable. Line LM, therefore, possesses known characteristics of transformed cell lines and cell lines derived from malignant tissue, as well as several light and electron microscopic features of glioblastomas, in addition to the features supporting its glial origin mentioned above.
Conclusions
The studies reported here demonstrate the range of tests that have been carried out on one cell line in tissue culture in order to characterize it as fully as possible. By allowing a culture to become established without adaptation by any transforming agents, a process of selection that may choose the most "ariaplastic" cells is created. These can then be studied to give useful information about the characteristics of malignancy, the response to biological chemotherapeutic and immunological agents, and the presence or absence of specific markers. At this time, there is no one specific marker to characterize glioblastoma-derived cell cultures as both malignant and astrocytic. The glial origin of the tumor line LM is supported by the presence of GFAP and its response to db-cAMP. The malignant nature of the LM line is suggested by its capacity for indefinite propagation, its growth in low serum medium and in hamsters, and its karyotype. Its ability to cross-react with sera from patients with astrocytomas suggests a shared membrane antigen. It may, therefore, be possible to identify from its surface the components that characterize astrocytomas generally. The data presented here suggest that LM fulfills current criteria for glioblastoma characteristics in culture. Further study of membrane immunological markers should be useful in extending the characterization.
